The ribosome translates the genetic information of an mRNA molecule into a sequence of amino acids. T h e ribosome utilizes tRNAs to connect elements of the RNA and protein worlds during protein synthesis, i.e. an anticodon as a unit of genetic information with the corresponding amino acid as a building unit of proteins. Three tRNAbinding sites are located on the ribosome, termed the A, P and E sites. In recent years the tRNAbinding sites have been localized on the ribosome by three different techniques, small-angle neutron scattering, cryo-electron microscopy and X-ray analyses of 70 S crystals. These high-resolution glimpses into various ribosomal states together with a large body of biochemical data reveal an intricate interplay between the tRNAs and the three ribosomal binding sites, providing an explanation for the remarkable features of the ribosome, such as the ability to select the correct ternary complex aminoacyl-tRNA. EF-Tu. G T P out of more than 40 extremely similar tRNA complexes, the precise movement of the tRNA, . mRNA complex during translocation and the maintenance of the reading frame.
Introduction
T h e ribosome translates the genetic information contained within an mRNA in three phases. First, the small ribosomal subunit recognizes the start Key words: A site, E site, P site, protein synthesis. Abbreviations used: EF, elongation factor: PTF, peptidyltransferase; SANS, small-angle neutron scattering; PRE, pretranslational: POST, post translational: cryo-EM, cryo-electron microscopy: SD, Shine-Dalgamo: RF2, release factor 2. 'To whom correspondence should be addressed (e-mail nierhaus@molgen.rnpg.de).
signal of the mRNA with the help of specific protein-initiation factors and an initiator tRNA, thus forming an initiation complex. Following the recruitment of the large ribosomal subunit the ribosome is now prepared for the second phase, the elongation cycle. T h e ribosome decodes genetic information as it 'travels' along the mRNA, simultaneously elongating the nascent peptide chain by addition of amino acids. The appearance of a stop codon in the A site signals the third phase of protein synthesis, the termination phase, where the nascent peptide chain is cleaved and released from the ribosome.
tRNAs play a crucial role during the initiation and elongation phases. These adapter molecules form the connection between the RNA and protein worlds by linking the codon of the mRNA with the corresponding amino acid. There are three tRNA-binding sites on the ribosome. T h e A site, containing the decoding centre, binds an aminoacyl-tRNA corresponding to the codon displayed at this site. The P site binds the peptidyltRNA, the tRNA carrying the nascent chain before peptide-bond formation, and the E site binds specifically deacylated tRNAs, tRNAs that have already participated in chain elongation. In the course of two elongation cycles a tRNA moves in succession through the ribosomal A, P and E sites. Figure 1 depicts the elongation cycle in the frame of the CI-E model, a current model that best satisfies the existing structural and biochemical data (see Figure 1 legend and [1,2] for reviews).
There are two elongation factors that aid tRNA movement during an elongation cycle. Elongation factor (EF)-Tu delivers the aminoacyl-tRNA to the A site in the form of a ternary complex aminoacyl-tRNA. EF-Tu. GTP. EF-G is involved in the translocation reaction, which basically moves the tRNAs into the adjacent binding site on the ribosome, thereby moving the ribo-
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0 2002 Biochemical Society -some by one codon length towards the 3'-end of the mRNA. Although the ribosome ensures correct codon-anticodon (mRNA-tRNA) interactions, it is actually the synthetases that ensure that each codon in the mRNA is correlated with the correct amino acid. U p to 20 different synthetases exist in a cell, one for each amino acid. T h e synthetases form this link by ensuring that each tRNA species, a tRNA with a unique anticodon, is charged with an amino acid that correlates with the codon that the anticodon recognizes.
The universal L-shape of the tRNAs is a consequence of the absolute requirement of codon-anticodon interactions of both tRNAs present on the ribosome, which are found in the A and P sites before translocation and in the P and E sites afterwards. T h e reason is that the tRNAs have to make contact, with one end, two adjacent codons with a length of l O A each, although a tRNA as an RNA helix measures 20 A in diameter, and at the other end both tRNAs must contact the peptidyl-transferase (PTF) centre. We will see that the simultaneous interaction of both tRNAs with the mRNA is of utmost importance for the accuracy of aminoacyl-tRNA selection, the translocation reaction and the maintenance of the reading frame, i.e. for all the essential features of protein synthesis.
Localization of the tRNA-binding sites on the ribosome
T h e first reliable localization of tRNA-binding sites on the ribosome was achieved by means of small-angle neutron scattering (SANS) [3] . T h e two main functional states of the ribosome during elongation were constructed under near-in vivo The Q-E model of the elongation cycle, according to [ I71 The essential feature is a movable ribosomal a-E domain that connects both subunits through the intenubunit space, binds both tRNAs of an elongating ribosome and carries them from the A and P sites to the P and E sites, respectively, during translocation. The model explains the reciprocal linkage between the A and E sites by the fact that the a-E domain moves out of the A site during translocation, leaving the decoding centre alone at the A site. Yellow and green, the two binding regions of the a-E domain: blue, the decoding centre at the A site. 
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ionic conditions, that is the state prior to translocation (pre-translocational or PRE state) and the state after (post-translocational or P O S T state). Ribosomeswerefullydeuteratedand bothmRNA and tRNAs were protonated (their normal state in Nature). Since neutrons are scattered differently by protons and deuterons (protons and deuterons are the atom nuclei of normal and heavy hydrogen, respectively), this allows localization of the protonated ('stained') ligands, in this case tRNAs, within a large deuterated complex like the ribosome. T h e two tRNAs at A and P sites of the PRE state and at P and E sites of the P O S T state could be localized unequivocally between the subunits. An important outcome was that the anticodons of both tRNAs neighbour each other, thus allowing adjacent codon-anticodon interaction in the PRE and POST states, and that the Figure 2 tRNA locations on the ribosome (A) tRNAs in the PRE and POST states ofthe E. coli ribosome. Shown are cryo-EM reconstructions oftRNAs bound to the 70 S ribosome [6] . PRE state, tRNAs bound to the A site (pink) and P site (green). POST state, tRNAs bound to the P site (green) and E site (yellow). The small 30 S (yellow) and large (blue) subunit are shown. The 70 S ribosome is presented as a semi-transparent surface to better illustrate the tRNA positions. Abbreviations: CP, central protuberance; ST, L7/LI 2 stalk base; Ib, long bridge (helix 38 of 23 S rRNA); h, head; ch, mRNA channel: sh. shoulder region: sp, spur. (6) Relative positions of the three tRNAs bound at the A, P and E sites. The P and C I ' atoms of the P-site tRNAs are used t o align the molecules of the cryo-EM (brown) [6] with that from the X-ray work (dark green) m. The two studies agree on the position of the tRNAs on the ribosome. From this comparison it can be seen that the A-site tRNAs (cryo-EM in olive green, X-ray in cyan) are shifted relative to each other along the anticodon stem axis (vertical arrow), and the E-site-bound tRNAs along the acceptor stem axis (arrow; cryo-EM in red and X-ray in blue). Note that the anticodon regions of all three tRNAs are in close proximity However, the resolution power of the SANS method is limited. An estimate of the resolution obtainable with the SANS method would fall within a range of 2 5 4 0 A. In comparison, cryoelectron microscopy (cryo-EM) and X-ray crystallographic analyses of 70 S ribosomes and subunits have produced resolutions of 12-1 8 A and 2.3-5.5 A, respectively. The emergence of cryo-EM within the field of ribosome research [5] provided an exciting opportunity to re-analyse functional complexes at near-in vivo conditions in collaboration with the Frank group (Wadsworth Center, Albany, NY, U.S.A.). T h e result was the first clear description of both the PRE and POST elongation states in molecular terms [6] ( Figure 2A ) and the mutual arrangement of the three tRNAs on the ribosome ( Figure 2B ). T h e tRNA-binding sites can now be seen at higher resolution ( z 15 A), generally confirming the positions and the angle between the tRNAs observed in the aforementioned SANS study, but with important improvements. (i) T h e exact tRNA positions could be assessed. A SANS study principally cannot distinguish between a distinct mutual arrangement of the two tRNAs and its mirror arrangement. (ii) T h e anticodon distances of the two adjacent tRNAs could be determined precisely, clearly indicating that a simultaneous codon-anticodon interaction of both tRNAs is possible. (iii) T h e CCA 3'-ends of the two tRNAs in the PRE state are in close proximity to each other, as was expected since both ends must contact the P T F centre on the large subunit. T h e PTF centre is responsible for peptide-bond formation between the peptidyl residue of the peptidyl-tRNA at the P site and the aminoacyl residue of the aminoacyl-tRNA at the A site. In contrast, the CCA ends of the tRNAs in the P O S T state are far from each other ( x 17 A in the PRE state and 60 A in the POST state).
T h e crystal structure of 70 S ribosomes carrying three deacylated tRNAs at the A, P and E sites at a resolution of 5.5-7.5 A was the next important achievement [7] . T h e crystal structures had a very similar arrangement of the tRNAs when compared with the cryo-EM reconstructions ( Figure 2B ), even though the complex (i) was obtained from the thermophilic bacterium Thermus thermophilus instead of Escherichia coli, and (ii) does not represent a functional state of the ribosome, since three deacylated tRNAs are never found on the ribosome during protein synthesis. In addition, the tRNA-ribosome contacts could be determined in molecular detail by utilizing the higher-resolution subunit structures (30 S structure [8, 9] and 50 S structure [lo]). In particular, the fixation of the anticodon region of the P-site tRNA by a number of ribosomal fingers was revealed. Another interesting observation was that the deacylated tRNA was buried deeply in the ribosomal matrix. This suggests that an active mechanism is necessary to release the E sitebound tRNA. Precisely this point was a topic of intense discussion during the past 15 years. Results obtained with near-in vivo conditions clearly indicated binding of a tRNA at the E-site, invoking an active release mechanism, whereas results gathered under conventional conditions suggested a weak binding and an easy release from the E site (for discussion, see [l] ).
The three tRNA-binding sites differ in their capability to bind tRNAs with different charging states, namely deacylated tRNA, aminoacyltRNA and peptidyl-tRNA. These features are summarized in Table 1 (according to [ l 13).
Functional features of the ribosome: selection of the correct aminoacyltRNA at the decoding centre of the A site Two features are of vital importance for the intricate functional spectrum of the ribosome. (i) T h e first and the third tRNA-binding sites, the A and the E sites, are coupled in a reciprocal fashion. This means that a tRNA bound to the E site induces a low-affinity state for an aminoacyltRNA or a ternary complex at the A site and vice versa; occupying the A site promotes a low-affinity state of the E site thus triggering the release of the deacylated tRNA from this site ([12,13] ; see also Figure 1 ). A consequence of this feature is that statistically only two tRNAs are found on the ribosome during protein synthesis, either at the A and P sites (PRE state) or at the P and E sites (ii) As mentioned already, both tRNAs simultaneously undergo codon-anticodon interaction in the PRE and POST states. Interaction in the POST state was a surprise, since decoding does not take place here. Instead, codon-anticodon interaction at the E site is the signal for the ribosome to switch into the POST mode with a low A-site affinity [12]. As will become evident, codon-anticodon interaction of the adjacent tRNAs on the ribosome is a cornerstone for the translocation mechanism as well as for the maintenance of the reading frame (see the next two sections). Here we will discuss the importance of the reciprocal coupling of A and E sites for the accuracy of tRNA selection at the A site. This point has been reviewed extensively ([14,15]), and therefore we only present a brief summary.
Enzymes achieve an astonishing precision of substrate recognition and binding (a precision of one error in 103-106 binding events), a precision that is necessary in order to avoid the degeneration of metabolism into complete chaos. Enzymes attain this accuracy mostly or exclusively by binding their substrate using the 'molecular corner' that is unique amongst its structural relatives. Therefore, the binding energy is identical to the discrimination energy in the best cases. Since the binding constant describes an equilibrium state, it is clear that the discrimination potential can only be exploited under equilibrium conditions.
With this in mind it is evident that the ribosome faces an almost unsolvable selection problem. In E. coli, for example, 41 ternary complexes containing tRNA with different anticodons all compete for the codon displayed at the A site. The discrimination is achieved solely via codon-anticodon interaction, although a tRNA makes many other contacts with the ribosome [7,16,17]. In addition, it is not the aminoacyltRNA but rather the ternary complex of aminoacyl-tRNA . EF-Tu . G T P that is a substrate for the A site. The elongation factor EF-Tu is twice as large as a tRNA molecule and increases the affinity to the A site by at least two orders of magnitude [ 1 13, indicating additional contacts with the A site. Taken together, this means that the discrimination (or binding) energy due to codon-anticodon interaction is only a tiny fraction of the total binding energy of a ternary complex, and therefore the time to reach equilibrium would take hours rather than milliseconds (in Nature, one elongation cycle lasts % 50-100 ms). Furthermore, every one of the 41 ternary complexes would interfere with the selection process and thus could by chance be incorporated erroneously. This is never seen; instead, only three or four ternary complexes can be accepted by the A site, those tRNAs with either the correct (cognate) or similar (near-cognate) anticodon. Thus the majority ( z 90 yo) of the non-cognate ternary complexes that carry an aminoacyl-tRNA with a dissimilar anticodon are never mis-incorporated during protein synthesis.
The solution to this selection riddle is the reciprocal coupling between A and E sites. An occupied E site (POST state, see Figure 1 ) induces a low-affinity state in the A site, and this state mainly allows codon-anticodon interaction but abolishes all interaction outside the anticodon. This ribosomal trick has two consequences. First, equilibrium can be reached in a short time in agreement with that observed in protein synthesis in the cell. Second, after the decoding has been successfully completed, the high-affinity state of the A site has to be adjusted and the aminoacyltRNA adapted at the A site, probably a gross conformational change that lasts significantly longer than the preceding decoding step. A corollary of such a reaction, where the first partial reaction is fast and the second slow, implies that the first reaction reaches equilibrium even under steady-state conditions, thus allowing full exploitation of the discrimination potential of codonanticodon interaction at the A site. This mechanism also explains why non-cognate ternary complexes are never mis-incorporated : at the first step, non-cognate anticodons dissimilar to the cognate one that cannot interact with the A site codon are thus not selected, and the potential contact regions outside of the anticodon are not yet available.
Functional features of the ribosome: the translocation reaction
As mentioned already, tRNAs are L-shaped molecules the functional groups of which are located at the tips of the arms and separated by about 75A; the anticodon is at one end and the acyl residue (aminoacyl or peptidyl group) is at the other. The anticodon interacts with the codons on the mRNA at the decoding centre on the small ribosomal subunit and the acyl residues with the P T F centre on the large ribosomal subunit. A tRNA is the size of an average enzyme, and the problem with the translocation of tRNAs is that both tips of this large molecule have to be moved with high precision. Imprecise movement at the anticodon end would lead to a loss of the reading frame, and at the acyl end would preclude proper placement at the PTF centre, thus preventing peptide-bond formation. The analysis of contact patterns of tRNAs in various ribosomal sites has provided an answer to this problem. In brief, it was found that the contact patterns of both tRNAs at the A and P sites in the PRE state were remarkably different, but that both patterns did not change upon translocation to the P and E sites, respectively, i.e. to the POST state. We interpreted this finding to suggest that the microtopography of the tRNA-ribosome interactions does not change during translocation. This implies that a movable ribosomal domain should exist that tightly binds both tRNAs and moves or guides them from one tRNA-binding site to the adjacent one (a-E model for the elongation cycle; Figure 1 ). Ribosomal components as candidates for the movable domain have been identified with both cryo-EM [18] and X-ray analysis of ribosome crystals [7] , It follows that the tRNAs are the handle that is moved actively by the ribosome and that the two associated codon-anticodon interactions are required to concomitantly draw the mRNA through the ribosome. T h e mRNA follows passively the actively moved tRNAs during translocation. This scenario explains why the number of base pairs during codon-anticodon interactions at the A site can induce frameshifts : tRNAs with modified anticodon loops that allow either 2 or 4 bp instead of the canonical 3 bp provoke a -1 or +1 frameshift during translocation [19, 20] .
Functional features of the ribosome: maintenance of the reading frame
The simple feedback regulation of the synthesis of the termination factor release factor 2 (RF2) might shed some light on this aspect. The codon position 26 of the RF2 mRNA is taken by a UGA stop codon that is specifically recognized by RF2. If the concentration of RF2 in the cell is sufficient, the stop codon will be recognized and translation of the RF2 mRNA will abort after the synthesis of a 25-mer peptide that is quickly degraded. However, if there is a shortage of RF2 in the cell, a + 1 frameshift will occur, enabling the translation of the complete RF2 protein. This frameshift can occur with an astonishingly high efficiency of up to 100 yo [21] , whereas during normal translation the error frequency for frameshifts is not higher than 1 case in 30000 amino acid incorporations [22] , i.e. the frameshift on the RF2 mRNA occurs with a frequency that is more than four orders of magnitude larger than normal. What mechanism operates at this recoding site to override the strict maintenance of the reading frame?
The recoding site has a number of special features; in particular, the presence of a ShineDalgarno (SD)-like sequence upstream of the UGA stop codon. Normally, the SD sequence is associated with initiation in bacteria and is found upstream of the initiation AUG codon. The S D sequence is complementary to a sequence of the 3'-end of 16 S rRNA (anti-SD). Duplex formation is a prerequisite for bacterial initiation. What has been overlooked in a number of publications is that here the SD-like sequence would be predicted to extend its interaction into the E site, i.e. basepairing with the first base of the E-site codon. Our hypothesis is that this duplex formation between the anti-SD-like sequence and the E site codon would prevent codon-anticodon interaction and thus trigger the release of the deacylated tRNA from the E site, leaving the ribosome with only a single peptidyl-tRNA at the P site. This situation does not occur during elongation and might facilitate a slip of the ribosome on the mRNA, thus inducing, with high probability, a +1 frameshift.
This hypothesis can be tested and, if true, it not only provides a satisfying explanation for the extremely high frameshift frequency during the translation of the RF2 mRNA, but also suggests that the codon-anticodon interaction at the E site has the important role of maintaining the reading frame during translation. We have already shown in vitro (V. Marquez and K. H. Nierhaus, unpublished work) that the presence of a S D sequence positioned as in the RF2 mRNA in front of an UGA is instrumental for a + 1 frameshift with an almost 100% efficiency. Removal of the S D sequence without changing the amino acid sequence of the corresponding peptide lowers the frameshift frequency to background levels. It remains to be seen whether or not removal of the deacylated tRNA from the E site is the essential function of the unusual location of a S D sequence in front of a stop codon (V. Marquez and K. H. Nierhaus, unpublished work) . 
